Dodging the crisis of folding proteins with knots by Sułkowska, Joanna I. et al.
ar
X
iv
:0
91
2.
54
50
v1
  [
q-
bio
.B
M
]  
30
 D
ec
 20
09
Dodging the risis of folding proteins with knots
Joanna I. Suªkowska
1,2
, Piotr Suªkowski
3,4
, José N. Onuhi
1
1
Center for Theoretial Biologial Physis, University of California San Diego,
Gilman Drive 9500, La Jolla 92037
2
Institute of Physis, Polish Aademy of Sienes,
Al. Lotników 32/46, 02-668 Warsaw, Poland
3
Physikalishes Institut der Universität Bonn and Bethe Center for Theoretial Physis,
Nussallee 12, 53115 Bonn, Germany
4
Soªtan Institute for Nulear Studies, Ho»a 69, 00-681 Warsaw, Poland
Abstrat
Proteins with nontrivial topology, ontaining knots and slipknots, have the ability to
fold to their native states without any additional external fores invoked. A mehanism
is suggested for folding of these proteins, suh as YibK and YbeA, whih involves an
intermediate onguration with a slipknot. It eluidates the role of topologial barriers and
baktraking during the folding event. It also illustrates that native ontats are suient
to guarantee folding in around 1-2% of the simulations, and how slipknot intermediates are
needed to redue the topologial bottleneks. As expeted, simulations of proteins with
similar struture but with knot removed fold muh more eiently, learly demonstrating
the origin of these topologial barriers. Although these studies are based on a simple
oarse-grained model, they are already able to extrat some of the underlying priniples
governing folding in suh omplex topologies.
knots | slipknots | proteins | folding | baktraking | moleular dynamis
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During the last two deades, a joint theoretial and experimental eort has largely
advaned the quantitative understanding of the protein folding mehanism. Most small
and intermediate size proteins live on a minimally frustrated funnel-like energy landsape,
whih allows fast and robust folding [1, 2, 3℄. Sine proteins have been able to solve
the energy problem, the nal hallenge is the strutural omplexity of the protein folding
motifs. Most proteins avoid omplex topologies, but reent disoveries have shown that
some proteins are atually able to fold into non-trivial topologies where the main hain
folds into a knotted onformation [4, 5, 6℄. Although these knotted folding motifs have
been observed, we still have to fae the hallenging question of how the protein overomes
the kineti barrier assoiated with the searh of the knotted onformation. We suggest
a possible mehanism where the knot formation is preeded by a onformation alled a
slipknot. A slipknot is topologially similar to a knot, expet that an internal knot is
eetively undone as the pathway of the bakbone folds bak upon itself. The fat that
suh slipknots have already been observed in some protein nal strutures [7℄ adds support
to this suggestion.
This folding mehanism is explored in the ontext of the two most experimentally in-
vestigated knotted families of proteins, Haemophilus inuenzae YibK and Esherihia oli
YbeA, whih are homodimeri α/β-knot methylotransferases (MTases). A shemati rep-
resentation of these proteins is shown in Fig. 1. It has been shown experimentally that
both these proteins unfold spontaneously and reversibly upon addition of hemial denat-
urant [9, 8, 10, 11℄ and they are able to fold even when additional domains are attahed
to one or both termini [12℄. In very reent experimental work [13℄, based on analysis of
the eet of mutations in the knotted region of the protein, a folding model for YibK was
also proposed. In this model the threading of the polypeptide hain and formation of the
native struture in the knotted region an our independently as suessive events. These
results alone, though, are not suient to explain the folding mehanism. To omple-
ment the experimental information, we have devised a theoretial omputational strategy.
Simulations are performed for three proteins using struture-based oarse-grained models,
based on the α/β-knot superfamily YibK and YbeA.
In the present study we onsider knots of simplest type, referred to as a trefoil or 31
knot. It that onsists of a loop through whih one end of a hain is threaded. In priniple
there might be three possible mehanisms leading to the reation of suh a knot. The most
straightforward one would require just two steps: reating a loop and threading one end
through it. The seond mehanism is more ompliated and involves an intermediate step
with a slipknot. The third and nal possibility would involve the reation of an ensemble
of loose random knots in the rst stage, whih may turn into deeper knots after a relatively
longer time. Analysis of simulated folding trajetories provides the neessary insight on this
omplex folding event. The results indiate that the folding of YibK and YbeA proeeds
aording to the seond mehanism, through a slipknot intermediate onguration. This is
onsistent with earlier theoretial observations [6, 7℄. Fig. 2 provides a detailed desription
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of the suggested folding mehanism.
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Figure 1: Struture of knotted proteins. Top panel  stereo view of struture of knotted
protein YibK (1j85) (left) and its shemati struture (right). Bottom panel  stereoview of
YbeA (1od6) and its shemati struture (left). Details of proteins struture are desribed
in Appendix.
Understanding the folding mehanism for these knotted proteins provides the tools to
explore additional omplex folds. For example, one an extend these studies to proteins
that do not fully knot but form a slipknot in the native state. Some slipknotted proteins
have a simple folding motif suh as renarhaeal viruses AFV3-109 [17℄ but others, suh
as thymidine kinase [16℄, are longer and have a more omplex folding mehanism.
1 Results - Folding Knotted Proteins
The folding pathways whih lead to the knotted onformation are observed in our
simulations through an intermediate onguration ontaining a slipknot. This route is
shown shematially in Fig. 2 and disussed below. Analysis of this suggested folding
mehanism requires that we divide this route into a few geometrially distintive steps. A
step may onsist, for example, of threading the hain through a loop reated in a separate
region of the sequene. This representation allows us to desribe long folding trajetories,
onsisting of thousands steps in our simulations, by a sequene of the essential intermediate
ensemble of ongurations. When projeted on a plane, ertain transitions between suh
two adjaent ongurations an be identied with so alled Reidemeister moves. The
Reidemeister moves hange a relative loation of some strands (when projeted on a plane),
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but do not hange the type of the knot. There are three suh moves, denoted I, II and
III, that involve respetively one, two and three strands. They are desribed in detail in
Appendix.
1.1 Folding proteins in the α/β-knot superfamily into a trefoil knot
Our analysis is based on the simulations of the α/β-knotted proteins YibK (PDB ode
1j85) and YbeA (PDB ode 1o6d, 1vho), shown in Fig. 1, whih are homodimers in their
native onguration. Aording to the experimental results [8, 10℄ they fold via a few
intermediate steps reahing the stable monomer states with onsiderable struture. Only
the last step involves formation of a dimer. This allows us to study these proteins as
monomers. Notie that YibK shares only 19% sequene identity with YbeA [10℄. Fold-
ing simulations were performed at temperatures slightly above the folding temperature
Tf , starting from random onformations. Simulations were run utilizing a standard Cα
struture-based model (sometimes alled Go Model) [18, 19℄. For eah protein (1j85, 1o6d,
and 1vho) we observed at least 10 suessful folding trajetories; around 1-2% of all routes
sueeded to reah the native knotted states. These suessful trajetories hoose between
two parallel folding trajetories similarly to what has been proposed experimentally [8, 10℄.
Both trajetories are haraterized by an intermediate slipknot onguration but in one
ase it is formed early in the folding proess while, in the other one, it is a late event. Fig.
S2 in Appendix shows the fration of native ontats Q at the moment when the slipknot
is being reated, i.e. when its hook-region starts to be threaded through the loop 66-96. In
the most ommon trajetory the struture elements loated loser to the N terminal of the
protein fold in the nal stages of the folding proess around Q ≃ 0.8. In the alternative
trajetory, the N terminal folds in the early stages of folding, thus when the slipknot is
being reated Q ≃ 0.6. In fat there is also an additional but very rare possibility (whih
we observed only one) of formation a knot by threading the terminus C through the loop
66-96 without a slipknot intermediate.
For larity we now disuss in detail one folding trajetory for 1o6d, shown shematially
in Fig. 2 (this is the smallest of all proteins being analyzed and therefore had the largest
number of suessful runs). Although we fous on this single example, this trajetory is
similar to other proteins with a knot 31, as 1vho, 1j85. This folding route onsists of
six distintive intermediate ongurations. During the rst transition a loop is reated
(the Reidemeister move I). This loop extends between amino aids 66 and 96 and remains
formed during the entire folding event. Following this step, a further region of the hain gets
lose to the loop, requiring a hook formation (the Reidemeister move II). This hook is then
threaded through the loop (also move II), reating the slipknot in the fourth intermediate.
The slipknot is then transformed into a knot by pulling one termini through the loop,
whih may be viewed as a two-step proess, with an intermediate 5 and nal onguration
6. There are no Reidemeister moves orresponding to these last two steps, beause they
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ould not happen for a losed hain without utting it.
As argued above, the reation of a knot requires several turns to our at the right plae
and at the right time order. In the trajetory shown in Fig. 2 these turns are represented
by grey dots. The rst one ours at amino aid 102, whih redirets the protein hain
towards the loop 66-96. Then two other turns at positions 114 and 125 are needed for the
hook formation. This hook is threaded through the loop 66-96. Finally the termini 147 is
pulled through this loop whih results in the 31 knot.
To understand the knot formation, we investigate the order that native ontats are
formed and, sometimes, broken and reformed (baktraking) during the folding event.
Correlation between formation of some native ontats with the baktraking of other ones
an teah us about topologial bottleneks. This information an be extrated from Fig.
3, where the time dependene of the number of formed native ontats between relevant
strutural elements of the protein knot is shown. Initially we fous on the formation of the
loop between residues 66 and 96 that requires the reation of ontats between β-strands
5 and 8. This an only be ahieved by the pre-formation of the ontats between 5 and
10, whih is followed by a simultaneous destrution of these ontats and formation of the
ones between 5 and 8. During this loop formation, ontats between strands 6 and 10 are
also formed, whih are needed to reate the slipknot onformation. The formation and
destrution (around 180 timesteps) of ontats between strands 5 and 10 is an example of
baktraking. Baktraking also plays a role in the formation of ontats between 5 and 9
and between 6 and 9. The order of ontat formation is ruial, otherwise knotting is not
possible.
Baktraking is also a mehanism to esape from kineti traps as desribed in Fig. 2.
For example, if 8-11 ontats are formed early, the reation of a loop between residues
66 and 96 beomes impossible. The 8-11 ontats need to be broken before this loop an
be reated. A similar situation ours at the nal stage of knot reation that involves
threading the helix 11 through the loop. During this proess, ontats between helies 7
and 11 may be aidentally reated. They need to be broken until further threading an
proeed.
1.2 Energeti heterogeneity enhaning folding ability
The results above demonstrate that making only the native ontats attrative is su-
ient to fold the protein into its native onformation. The perentage of suessful traje-
tories, however, is then very small  only about 0.1%. Analysis of this data suggests that
this suess rate an be inreased by improving the time-order of ontats formation and
therefore reduing baktraking. We utilized dierent strength for a few seleted native
interations to ahieve this folding improvement. Baktraking gets redued but the overall
folding mehanism remains the same as desribed in Fig. 2.
Guided by the results of Fig. 3 whih identies the strutural regions responsible for
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enhaning folding, we modied some of our ontat interations. We inreased the strength
of ontats between β strands 5 and 8. This modiation failitates the formation of
the loop between residues 66 and 96 and also the attahment of the C terminal to this
loop, whih leads to the slipknot onformation involving the ontats between strands
6 and 10. We also slightly redued the interation energy between the C-terminal and
the loop. Rapid formation of those ontats results in problematially fast bloking of
the neessary baktraking and threading of the C-terminal aross the loop. Simulations
with this optimal model sueeded in folding into the knotted struture 29 times in 2500
trials. Further inreasing the ontat strength in these regions does not keep improving
knot formation. Sine baktraking is also needed during the knotting proess, if those
inreases are too large, they will lead to more kineti traps. For further analysis on how
this "optimal" set of ontats have been determined see the Appendix.
1.3 Extension of the protein hain and a rebuilt protein without
knot struture
We also analyzed how folding properties of these proteins were aeted when additional
hains (tails) were attahed to one or both termini following the idea of experiments re-
ported in [12℄. Due to omputational limitations we restrited our studies to purely exible
homopolymer tails built of no more than 12 residues.
The addition of these tails not only did not restrit, but sometimes even inreased
the number of orretly formed knotted native states. The last step in the folding proess,
whih involves pulling the entire tail through the loop, is slower than in the regular protein.
Nonetheless, the overall folding time is similar in both ases.
The nal test whih an larify the folding ability of the knotted protein (1j85) and the
presene of a topologial barrier is to use a modied protein in whih the knot is absent.
To engineer suh a protein with a trivial topology, it is suient to hange the rossing of
protein hain between 78-85 and 120-125 amino aids using methods from [14, 15℄. The
folding ability of suh an untighted struture inreases to a 73% suess for equally long
folding runs. This means that a simple hange of topology eliminates an otherwise very
high topologial barrier.
2 Results - Folding Proteins with Slipknots
So far we have disussed proteins that have a 31 knot in the native onformation.
Our suggested folding mehanism via a slipknot intermediate onguration gets further
support from the fat that in a dierent lass, proteins atually ontain slipknots in their
native states [6, 7℄. Comparing their folding mehanism to our initial results provides
further understanding of our proposed model. We fous on a relatively short protein 2j6b
(onsisting of 109 amino aids) and a muh longer one 1p6x (333 amino aids), whih
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are shown in Fig. 4. Again, a model that inludes only attrative interations for native
ontats is suient to fold these proteins. Although both these proteins ontain slipknots,
their folding trajetories are dierent. Folding of 2j6b is omposed simply by the rst
three steps in Fig. 2. This independently provides strong support for our proposed folding
mehanism for the knotted proteins. Formation of a slipknot in 1p6x is more ompliated
and it is desribed below.
The folding mehanism for the short protein 2j6b involves reation of a loop through
whih a hook is subsequently threaded. As disussed above, its folding is analogous to the
rst three steps of folding of 1o6d. Again, folding simulations were run at temperatures
slightly above Tf . Based on 1000 trajetories, we found four dierent ensembles of nal
onformations, shown in Fig. 5. Only 2.8% of these trajetories reahed the orret folding
basin using three slightly dierent routes. A few onformations (∼ 0.5%) in the "OTHER"
basin in Fig. 5 have most of the native ontats formed but do not form the slipknot.
Interestingly, the typial folding time for these trajetories is muh longer than for suh
ones that reah the orret native folding. This indiates that slipknot reation should be
a fast proess, as long as the orret trajetory is followed. We have also attahed a tail to
2j6b to the termini whih is loser to the slipknot onformation. Similarly to the knotted
proteins, it did not substantially aet its folding properties. These extended proteins were
able to fold into slipknot ongurations in a similar fashion to the original protein.
We now disuss thymidine kinase (PDB ode 1p6x), whose struture is desribed in
detail in the Materials and Methods setion. We heked its folding ability at several
temperatures above Tf , and for eah one we ran 500 trajetories. The highest probability
of folding was observed at temperatures 18% above Tf . In a set of 8000 trajetories, the
orretly folded onformation inluding the slipknot and all native ontats was reahed
only 11 times. In an additional 12 ases, the slipknot was reated but in a struture
with an inorretly folded bundle of 5 helies; in these ases 92% of native ontats where
established. In yet another set of 13 trajetories, although most of the native ontats
were formed, a knot instead of a slipknot was observed in the nal struture. Knotted
strutures were reahed in 5-20% of the runs at eah temperature and they had typially
less than 73% of native ontats. All other nal strutures were some trivial kineti traps
or misfolded onformations.
Folding of the 1p6x protein, due to its large size and omplexity, is more interesting
than folding of the previously disussed proteins. It an start from several nuleation sites.
One of suh sites inludes a loop similar to the one reahed after the rst step in Fig. 2.
Notie that in the folding motif both termini are lose to the loop. Also, during folding,
both of them have to ross the loop. This implies that, even though in the folding of 1p6x
the steps from Fig. 2 are used, it proeeds in a dierent way than reation of a slipknot
in 1o6d (where only one terminus had to be threaded through a similar loop). Therefore
the folding mehanism is similar to the one shown in Fig. 2 but then the seond terminus
also has to thread through the loop.
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For the 11 orretly folded trajetories, we identied four possible folding routes [19℄.
They were lassied aording to the instant during folding in whih the slipknot ontats
are formed for the rst time (see Fig. 11). Three of these four possible routes, albeit slightly
dierent, have basially the folding mehanism desribed in Fig. 2 plus an additional step.
As before their folding mehanism leads initially to the knot formation lose to the N
terminal. This is followed by threading the C terminal through the loop. This nal step
gives rise to the slipknot onformation. These three folding routes share several ommon
features. First, their nuleation sites, although they always inlude the loop, are omposed
by dierent additional regions of the protein [20℄): bundles of alpha helies, a viinity of the
α helix at the N terminal, or a huge loop lose to the C terminal. Seond, both termini enter
the loop in onguration of a loosely paked hairpin. Third, for all folding trajetories,
baktraking is related to two topologial barriers assoiated with the formation of the
knot losest to the N terminal and to the slipknot formation during last stages of folding.
The fourth folding route is dierent from the ones mentioned above. Similarly to the
previous ases, this route involves a reation of a knot lose to N terminal and a slipknot
that involves terminal C. At the late stages of folding however it also requires a huge
rotation of the knotting loop (denoted by loop 4 in Fig. 6). Both the knot and the
slipknot are formed almost simultaneously during this surprising rotation of loop 4 by
almost 360 degrees, as shown by three steps in Fig. 6. This one move makes the protein
struture non-trivial. It has to be pointed out that some deviations of this route are also
possible, but a ritial role is always played by rotation of loop 4. More details about the
trajetories desribed above are given in the Appendix. We suggest that this mehanism,
involving a rotation of the loop together with the steps from gure 2, should be typial in
folding bigger and more ompliated knotted strutures.
3 Disussion and onlusions
The analysis of folding trajetories for topologially nontrivial proteins allows us to
explore possible mehanisms for reation of knots and slipknots. Furthermore the results
emphasize diulties assoiated with these proesses that ommonly lead to kineti traps.
Below we summarize these two issues.
3.1 Folding mehanism for nontrivial topologies
Folding into topologially nontrivial ongurations is assoiated to a series of omplex
events. Transitions between dierent stages in this proess are nontrivial. In many ases
they are not suessful, whih is assoiated with a presene of so alled topologial bar-
riers. When a protein does not manage to overome suh a barrier, it may be aptured
into an improper onguration  a kineti trap. Even suessful events that overome
suh a barrier may require a series of partial unfolding and refolding events, whih we
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all a baktraking. Sine baktraking is a stohasti proess, it may lead to a broad
distribution of time sales for suh transitions.
The proteins YibK (1j85) and YbeA (1o6d, 1vho) have the simplest type of knot, 31.
We determined that, in most ases, folding into this knotted struture goes through an
intermediate onguration whih ontains a slipknot, Fig. 2. A presene of this
slipknot was onjetured in [6, 7℄, and our results onrm this predition. A slipknot arises
after threading a partially strutured region, whih we all a hook, through a previously
reated loop. The appearane of an intermediate slipknot in our simulations also suggests
a plausible mehanism for the reation of deep knots (loated far from both termini). We
also expet that more ompliated types of knots (suh as 41 and 52 [5℄) are formed through
a similar intermediate slipknot onguration. Supporting this suggestion is the fat that
the native state of ubiquitin hydrolase UCH-L1 (PDB ode 2etl) ontains a sharp turn
lose to its C terminus, whih might be a remnant of an intermediate slipknot.
Folding into knots and slipknots involves preise geometrial onstrains. Knots and
slipknots require threading a region of the protein through a loop. Protein hains, however,
are not exible strings sine they are omposed of helies and β-strands that typially do
not freely bend. Sine reation of a tight knot requires sharp turns, the protein needs to
have properly loated regions that allow for bending and motion. Loations of suh regions
annot be aidental. For example, these sharp turns should our around the loop region
to failitate threading. As shown in Fig. 2, loop formation has to preede a sharp turn,
otherwise orret loop formation would be impossible and would lead to kineti trapping.
Careful analysis of the protein struture already allows us to identify these bend regions
before simulations are performed.
3.2 Topologial barriers and kineti traps
We suggest that the folding mehanism in Fig. 2 provides a route that redues the
topologial barriers in the free energy landsape of knotted proteins. These topologial
barriers have already been proposed earlier from an analysis of the struture (topology)
of various proteins [20℄. In our folding studies, these topologial onstraints due to the
presene of knots severely restrit possible folding routes. Topologial onstraints strongly
restrit the folding landsape [2, 3℄ and only allow one or a few similar trajetories leading
to the native state. An improper step along eah suh pathway may lead to a kineti trap,
whih orresponds to a loal minimum in the folding landsape. For shallow traps, the
protein an resolve this kineti problem with the aid of baktraking.
Our numerial analysis has identied various types of kineti traps. Reall that the
geometry of a knot or a slipknot requires the formation of sharp turns or exible regions in
appropriate plaes. These sharp turns often arise on prolines or gliynes. Turns at amino
aids 102, 114 and 125 in 1o6d in Fig. 2 exemplify these regions. Turns are also formed
at amino aids Pro and Gly (number 62 and 63) in the native onformation. These are
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late turns formed muh later than the others during the folding event. During folding,
however, these turns may be formed in an inorret time order and/or may be formed at
additional prolines or gliynes. In this situation the protein is unable to fold in the orret
onformation. For example, when the turn at position 62 and 63 in 1o6d is formed too
early, it preludes the orret route towards folding.
The simple appearane of an intermediate onguration with a slipknot during the
folding event does not yet guarantee that it will be followed by the formation of a knot.
The hook, whih is required to move into the previously formed loop, may turn bak
and leave the loop, as shown in the fourth step of Fig. 2. Suessfully rossing of the
loop by the terminus is needed to overome the topologial barrier and therefore form
the orret knot. Although we have suessfully folded these proteins several times, these
multiple geometrial requirements are diult to satisfy, and lead to kineti traps on
many oasions, partiularly if the simulation temperature is too low. These hallenges
have inspired others to propose alternative mehanisms to failitate folding suh as plaing
attrative long range non-native ontats [22℄ or haperones to help push the hook through
the loop. We submit that the use of non-native ontats prevents the ruial formation of
an intermediate slipknot onformation. Our studies have the advantage of being based only
on interations assoiated to native ontats. This allows to observe and to understand
the role of an intermediate slipknot in an unbiased way. Nonetheless, physially-motivated
properly plae non-native ontats, whih do not interrupt the slipknot formation, may
improve the suess rate of folding events. This point is worth further study.
To further understand the eet of the knot, we rebuilt protein 1o6d into a very sim-
ilar struture, but without knot topology [23℄. As expeted, under similar simulation
onditions, the number of suessful folding events inreases substantially to about 83%.
This shows that knot formation is the main limitation for folding, sine in both ases the
amino aid sequene is very similar, but the folding suess rate is remarkably dierent.
This provides diret evidene that the topologial barrier arises as a onsequene of knot
formation.
Contrary to some previous experimental suggestions [12℄ that knot formation is pre-
eded by a formation of random knots, we do not observe suh a mehanism. Indeed, the
analysis of protein onformations during early stages of folding learly shows a notieable
number of randomly knotted strutures. Suh behavior agrees with results of simulations
in [24℄ and well-known experimental results that exible polymers or strings [25℄ an eas-
ily beome spontaneously knotted. But in most ases random knots observed in folding
simulations do not lead to deep but relaxed knots. Notie that at room temperature knots
on a protein hain do not neessarily behave in the same way as in a polymer hain, whih
was shown in the ase of strething simulations [26℄. Additionally our results show that
the knotting mehanism is not prevented even when additional tails are attahed to the
protein, whih was also observed in experiment [12℄. Without an intermediate slipknot it
would be hard to explain the reation of knots in this ase. These results further support
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the mehanism desribed in this paper.
Finally, it would be more satisfying to ahieve a higher suess rate of folding than
just 1-2% in our simulations. Suh a small suess rate may be a onsequene of several
fators. Our folding routes may be too short. Some preliminary results indiate a higher
degree of suess for simulations ve times longer. Also the simpliity of the model that
inludes only native interations and no geometrial details may ause limitations. Even
with these limited oarse-grained models, however, we have already been able to provide
strong insights about the possible mehanism governing folding in knotted proteins that
an now be heked by experiments and more detailed/expensive simulations.
4 Materials
4.1 Proteins with knots and slipknots studied
Knots observed in proteins are open knots, and so they dier from the mathematial
denition of (losed) knots. Nonetheless, when both termini of the protein are loated far
enough from its entangled ore, they usually an be unambiguously joined by an additional
interval whih transforms them to a losed loop. If suh a loop is not homeomorphi to
a irle then the native protein is regarded as representing a nontrivial (open) knot. The
families of proteins with a trefoil knot 31 studied here are YibK (PDB ode 1j85) and
YbeA (inluding strutures with PDB ode 1o6d, 1vho). The slipknots are topologial
ongurations more subtle than knots. They exist when a piee of a protein hain gets
in and out of a loop formed by some other part of the hain. This means that utting
several residues form one end of the protein would lead to a onguration with an (open)
knot, whih is absent in the native state. One protein with a slipknot whih we study is
a highly onserved protein from renarhaeal viruses AFV3-109 [17℄ (PBD ode 2j6b). It
onsists of N=109 amino aids, belongs to α/β lass and is built of ve β strands, whih
form the sheet surrounded by a loop from one side and the helies on the other side, Fig.
4. This protein forms a dimer with the shape of a radle [17℄. 2j6b ontains a slipknot,
suh that removing 9 amino aids from C terminal side leads to a knotted onguration.
The smooth topologial representations of 2j6b is shown in Fig. 4. The funtion of 2j6b
is still unknown, however it was suggested that it ould interat with nulei aids [17℄.
The seond protein with a slipknot whih we study is a thymidine kinase [16℄ (PDB
ode 1p6x) whih belongs to α/β lass, onsists of β sheet of 5 beta strands whih are
surrounded by 6 helies, and a bundle of 5 periferial α helies, Fig. 4. It ontains a
slipknot, suh that onsidering only amino aids 26-140 one nds a knot 31 made of 3 β
sheets and 3 helies. The slipknot arises when the bundle of helies and 2 β sheets ome
bak to the struture by the loop between 121 and 132 amino aids. As was desribed in
[7℄ the slipknot is very deep on C terminal side, however it is shallow on the N terminal
side, with only 10 residues extending out of the knot ore. This dierene suggests that
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the knot is most likely formed be the N terminal segment of the protein passing through
a loop in the protein arising during the later stages of the protein folding. Beause the N
terminal is shorter, the slipknot in thymidine kinase is onsiderably more shallow than
the one in alkaline phosphatase; this knot is also muh tighter. We use thymidine kinase
to analyze its folding ability and mehanial properties. The analysis of protein struture
is desribed in Appendix.
4.2 Reidemeister moves
Three Reidemeister moves shown in Fig. 11 desribe basi geometri transformations
whih do not hange a type of a knot. They are very useful in a simplied desription of
proteins with nontrivial topology.
4.3 Coarse-grained model
We use the oarse-grained moleular dynamis modeling desribed in detail in
refs. [19, 27, 28℄. The native ontats between the C
α
atoms in amino aids i
and j separated by the distane rij are desribed by the Lennard-Jones potential
VLJ = 4ǫ
[
(σij/rij)
12 − (σij/rij)
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]
. The length parameter σij is determined pair-by-pair
so that the minimum in the potential orresponds to the native distane. The energy
parameter ǫ is taken to be uniform. As disussed in ref. [30℄, other hoies for the energy
sale and the form of the potential are either omparable or worse when tested against
experimental data on strething. Impliit solvent features ome through the veloity
dependent damping and Langevin thermal utuation in the fore. We onsider the
over-damped situation whih makes the harateristi time sale, τ , to be ontrolled by
diusion and not by ballisti-motion, making it of order of a ns [34℄. Thermodynami
stability of a protein an be haraterized by providing the folding temperature Tf at
whih half of the native bonds are established on average in an equilibrium run (based
on at least ten long trajetories that start in the native state). The analysis of the
knot-related harateristis is made along the lines desribed in ref. [26℄.
4.4 KMT algorithm
We determine the sequential extension of a knot, i.e. the minimal segment of amino
aids that an be identied as a knot, by using KMT algorithm [33℄. It involves removing
the C
α
atoms one by one, as long as the bakbone does not interset a triangle set by the
atom under onsideration and its two nearest sequential neighbors.
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5 Appendix
In this Appendix we present more details onerning the geometry and properties of
knotted proteins (1j85, 1o6d and 1vho) and proteins with slipknots (2j6b and 1p6x). We
present the Reidemeister moves neessary for a desription of knot reation and desribe
attahed video lips. Furthermore, we provide quantitative details of the fration of native
ontats, as well as the "optimal" energeti map whih we found. Finally we desribe in
detail four folding trajetories of 1p6x.
A Proteins with knots and slipknots
A.1 Knotted proteins
Monomeri subunits of haemphiluse inuenzae YibK (PDB ode 1j85) and esherihia
oli YbeA (PDB odes 1o6d and 1vho) are shown in Fig. 7, together with shemati
diagrams representing their topology. Another member of the methylotransferase YibK,
the protein sr145 from Baillus subtilis (1PDB ode 1to0), is not suitable for our analysis
as its hain is broken in many plaes.
Metylotransferase (Mtases) from Hamophilus inuenazae YibK is desribed in detail
in [10, 11℄.
Homodimeri α/β-knot metylotransferase (Mtases) from esherihia oli YbeA (1o6d),
onsists of 5 α helies whih surround the β sheet built of 6 β strands. The seondary
struture elements are referred to as follow: 1  β strand (amino aids 2-8); 2  α helix
(12-27); 3  β strand (31-37); 4  α helix (44-58); 5  β strand (65-69); 6  β strand (74-75);
7  α helix (77-92); 8  β strand (95-99); 9  α helix (106-113); 10  β strand (115-118);
11  α helix (125-145). The struture is knotted between β strands 5 and 10.
The seond protein from the YbeA family (1vho) has almost the same struture as
1o6d, however it is longer by 10 amino aids. It onsists of 5 α helies whih surround the
β sheet built of 6 β strands.
A.2 Proteins with slipknots
We analyse two proteins with slipknots: thymidine kinase [16℄ (PDB ode 1p6x) and
highly onserved protein from renarhaeal viruses AFV3-109 [17℄ (PBD ode 2j6b).
Carton representation of the protein 2j6b is shown in Fig. 8 on the left, together with
a shemati struture of a slipknot, as well as a knot obtained after utting 9 amino aids
from the terminal C. 2j6b onsists of N=109 amino aids and belongs to α/β lass. It is
built of ve β strands whih form the sheet surrounded by a loop from one side and the
helix 3-5 on the other side. The seondary struture notation whih we use is as follow: 1
 β strand (amino aid 2-5); 2  β strand (19-25); 3  α helix (26-37); 4  β strand (39-41);
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5  α helix (45-57); 6  β strand (74-80); 7  α helix (92-100); 8  β strand (101-109). The
funtion of AFV3-109 is not known, however it was suggested that it ould interat with
nulei aids [17℄.
A thymidine kinase (PDB ode 1p6x) belongs to α/β lass protein and is shown in Fig.
8 on the right. It an be divided into 11 parts denoted by numbers from 1 to 11 in the
main text, whih are speied as follows: 1  N terminal with the β strand (amino aid
20-34); 2  α helix with turn (35-45); 3 β hairpin and turn (55-60); 4  big long loop
reated of 3 helies form one side and losed from the other side by loop 4* (120-132) all
toghter (61-132); 5  β strand (133-139); 6  hairpin built of two helies (141-176); 7  β
strand (177-184); 8  bundle of ve helies (185-299); 9  β strand (300-306); 10  helix
and β hairpin (306-323); 11  the hain rossing the loop 4* (324-333); 12  helix on the
seond side of the loop 4 (334-352). The strands 1, 3 and 5 reate a harateristi β-sheet.
Using this notation for the elements of the seondary struture we identied the following
ontats: 1-2, 1-4, 1-4*, 1-5, 1-7, 1-10, 1-11b, 2-3, 2-10, 3-5, 3-10, 3-12, 4, 4-5, 4-6, 4-8,
4-10, 4-11, 4-12, 5-12, 6, 6-8, 7-9, 7-10, 8, 9-10. This list is used to analyze the folding
routes and the baktraking between various groups of ontats. Our analysis is mostly
onentrated on the loop 4* through whih the β strand 1, β strand 10, and helix 11 have
to pass.
B Reidemeister moves
Three Reidemeister moves I, II and III are shown in gure 9. They desribe, after a
projetion on a plane, basi geometri transformations whih do not hange a topology
of a knot. In eah move the relative loation of the ends of all the strings involved is
unhanged. The move I is a transformation of a straight piee of a string into a loop.
The move II orresponds to transforming two parallel strings into a onguration with two
rossings. The move III involves three strings, and orresponds to a shift of one of them
over the rossing made by the other two. These Reidemeister moves are very useful in a
simplied desription of proteins with nontrivial topology.
C Video lips of folding trajetories for knots and slip-
knots
We enlose a video presentations of the mehanism of knot formation, generated using
our implementation of the Go-like model. The rst animation presents protein 1j85, and
the seond the protein 1o6d. The proess of the knot formation in these animations
orresponds to Fig. 1 in the main text. The knotted regions of both proteins are shown
by green olor. Furthermore, we also enlose a video presentations of the mehanism of
slipknot formation in our model, respetively for 2j6b and then 1p6x.
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D The intermediate slipknot and the fration of native
ontats for 1o6d
In Fig. 10 the fration of native ontats Q is shown at the moment when the slipknot
is being reated, i.e. when its hook-part starts to be threaded through the loop 66-96. In
the main trajetory the struture elements loated loser to the N terminal of the protein
fold in last stages of folding proess. These trajetories are represented by red dots and
in this ase Q ≃ 0.8. In the seond type of trajetories, represented by blue dots, the N
terminal folds in initial stages of the folding, and Q ≃ 0.6. One additional point in the
gure represents a very rare knot formation, orresponding to threading the terminus C
through the loop 66-96 without a slipknot intermediate. The data shown in this gure
orresponds to the optimal model onsidered in the main text and denoted in bold in the
table below. However, there is no qualitative dierene in the values of Q between this
model and the results obtained in the basi model (with the uniform energeti map).
Apart from the protein 1o6d we also heked the folding ability of another member
of YbeA family, i.e. protein with PDB ode 1vho. Similarly like 1o6d, this new protein
an fold to the native state in the model only based on the native ontats. The folding
route inludes the slipknot transition state, similarly as for 1o6d and 1j85. However for
this protein we also observed one trajetory where the C terminal rosses the loop not in a
hairpin-like onguration. The probability of reation of a knot for this protein in a simple
model is around 0.1%.
E New energeti map for folding knotted protein 1o6d
From the analysis of the behavior (in partiular involving the baktraking) of various
elements of the knot struture in 1o6d during folding, shown in Fig. 3 in the main text,
we onstruted a series of models with new energeti maps. These maps are based only
on native ontats and dier in strengths of interations inside the knotted region of a
protein. The energeti maps whih we onsidered are shown in table 1, where these groups
of ontat are listed whose strength was hanged. We found a few energeti maps for whih
the folding ability is highest  they are shown in rows 15, 17 and 20 in the table 1. For these
models we inreased twie the sampling set, and under suh rened statistis we found that
folding ability was the best for the model from the row 15, whih we all "optimal". It
is also possible to onstrut energeti maps whih prevent knot formation ompletely, for
example by inreasing the strength of interation between ontats for whih baktraking
is observed (suh as β strands 5, 6 and 9).
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F Folding trajetories for slipknots in 1p6x
We present now in more detail four main folding routes shown in Fig. 11 whih are
briey disussed in the main text.
The rst route is represented by 5 trajetories whih we found. Formation of the
slipknot is one of the last steps during folding, and it is possible due to baktraking
between β strands 1-5, 3-5, and ontats between 3-11 and 4-5. The harateristi property
of these trajetories is threading of the terminals N and C through the loop 4∗, whih takes
plae after or almost in the same time when the entire loop 4 establishes ontats with the
segment 8. This event, as well as a orrelation between threading almost in the same time
the elements 1 and 10, makes this trajetory distint from all others whih we observed.
From folding senario for this route we dedue, that almost all native ontats are reated
before threading appears, apart from the ontats between N terminal and β hairpin of
C terminal with loop 4∗. At this state the ontats between 1-4, 1-5, 4-5 and 4-6 have to
be broken to open the loop 4 and allow to thread N and C terminals through it. Now a
hairpin is reated lose to the terminal N, whih subsequently moves aross the loop 4.
By temporary breaking and reating the ontats between terminal N and hairpin 10, the
entire C terminal is threaded aross the loop 4 also in the hairpin onformation.
The seond folding route is represented by 2 trajetories. In this ase the hain strongly
folds from N terminal by a few dierent nulei. This auses reation of a β sheet from β
strands 1, 3, 5, entire loop 4 and its ontats with 6 and 8. In suh ase (no other native
struture of protein is yet established) a small baktraking between elements 1-4 and 1-5
allows easily for rossing terminal N in the bend shape through the loop 4∗ whih reates
a knot. After that all other elements of the protein fold. The nal event is threading the
terminal C aross the loop 4 as in the rst folding route desribed above.
The third folding route is most distint form others. A part of the loop 4, loop 6 (made
of two helies) and bundle 8 fold in the same time when ontats between 9 and 10 are
established, however all nulei still exist separately. In the next step big nulei start to
rearrange, whih results in a reation of a slipknot with the segments 9, 10 and 11 loated
inside the loop 4. In ontrast to all other trajetories, after this step the N terminal starts
to fold and makes half of the β sheet lamping the C terminal in the loop 4. Now only
the end of the terminal N has to be threaded by the loop 4∗ (as in the route 1), while the
terminal C has to go out of the lamp (as in the route 2). These moves are possible due
to baktraking between the segments 1-4, 1-5, 4-5, 1-10 and 3-10.
The fourth trajetory is shematially desribed in the main text, however now we
inlude more details. We remind that in this route almost entire native struture, apart
from ontats between the loop 4 and elements 6 and 8, is reated before reation of a
slipknot. This onformation orresponds to almost entirely reated β sheet (involving the
elements 1, 3 and 5) with strands 1 and 10 loated lose to their native positions (as in
the knot or slipknot onguration). The nal stages of knotting are aompanied by a
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baktraking, as shown in Fig. 6 in the main text. We disuss it starting from the moment
when the loop 4 is still above the sheet 1-3-5. From this moment the ontats between β
strands 3-5, helix 2 and strand 3, and a few others, perform amazing baktraking whih
leads to the rotation of the loop 4 by almost 360 degrees. During this rotation the values
of RMSD and RG steadily grow. The ontats inside loop 4 break temporarily in order
to provide enough spae to aomodate both terminals N and C, whih are subsequently
threaded through the loop.
Some deviation of the seond folding route is represented by two other trajetories, for
whih the ritial role is also played by losing the loop 4. In this ase the β sheet 1-3-5 is
reated after establishing entire remaining native struture and before losing the loop 4
(as also desribed above). This allows for reopening the ontats in β sheet and rotation
of loop 4 to make the knot, despite somewhat awkward position of the terminal C. In
onsequene losing of the loop 4 lamps the terminal C between this loop and the β sheet
for a long time.
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Table 1:
Order region*ǫ region*ǫ region*ǫ region*ǫ suess rate
1. 5-8*0.5 3
2. 5-8*2 9
3. 5-8*4 10
4. 5-8*6 9
5. 5-8*10 1
6. 5-8*2 6-10*2 15
7. 5-8*4 6-10*2 9
8. 5-8*10 6-10*2 12
9. 5-8*2 6-10*4 14
10. 5-8*2 6-10*6 8
11. 5-8*2.5 6-10*2.5 6
12. 5-8*2 (7-10,8-10,9-10)*0.5 2
13. 5-8*2 (7-10,8-10,9-10)*1.5 2
14. 5-8*2 6-10*2 (7-10,8-10,9-10)*0.5 25
15. 5-8*2 6-10*2 (7-10,8-10,9-10)*0.5 without 74-115 34
17. 5-8*2.5 6-10*1.5 (7-10,8-10,9-10)*0.5 without 74-115 25
18. 5-8*2 6-10*3 (7-10,8-10,9-10)*0.5 without 74-115 27
19. 5-8*1 6-10*3 (7-10,8-10,9-10)*0.5 without 74-115 15
20. 5-8*2 6-10*2 (7-10,8-10,9-10)*0.5 turns*2 34
21. 5-8*2 5-9*2 3
22. 5-8*2 6-9*2 2
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Figure 2: The folding route that leads to the native knotted onguration 31 through
an intermediate onguration with a slipknot. The pathway is represented by a series of
ongurations, starting in the top left (a random onformation) and proeeding towards the
right bottom. The path involves ve essential steps, the rst three of them orrespond to
the Reidemeister moves I and II (denoted on appropriate arrows). A typial representation
of the protein onformations are shown to the right of the assoiated mehanisti step.
Native-like loations of the knot are shown in red. Eah step is haraterized by the
appearane of new strutural elements suh as loops and hooks. During the folding route
inorret steps may our. Examples of some inorret ongurations, whih are kineti
traps, are represented by thin lines (skethed on the left). These traps at as topologial
barriers [20℄ and esaping from them requires a baktraking mehanism similar to the
ones we have observed in regular folding [21℄. Grey dots represent amino aid 102 in the
third step plus amino aids 114 and 124 in the following steps. Speial emphasis is given
to them sine they are assoiated to sharp turns, whih are required to ahieve the knotted
state. This folding proess is shown in the attahed movie, whose details are desribed in
Appendix.
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Figure 3: Left: the time dependene of the number of formed native ontats between
relevant strutural elements of the protein knot, 1od6. Right: artons representation of
knotted part of the protein 1od6. Interating regions of the protein 1o6d are olored
aordingly to the ones used in eah trajetory. For larity, if there are native interations
of one seondary struture element with two dierent parts of the protein, they are shown
on two separate strutures. Baktraking is observed at dierent levels for all trajetories.
The ontats between β strands 5-8 are olored red, the ones between β strands 6-10 are
magenta, and the ones for the turn 97-105 are orange. Kineti studies were performed using
overdamped Langevin dynamis. Timesteps have been hosen to have typial folding times
of about 1000 steps.
Figure 4: Struture of two proteins with slipknots: renarhaeal viruses AFV3-109 (2j6b)
(left) and a thymidine kinase (1p6x) (middle). Right: a shemati representation of the
struture of 1p6x. Stereo-views of proteins is shown in the Appendix.
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Figure 5: Shemati representation of the four dierent ensembles of nal onformations
observed in 1000 folding runs of the slipknotted protein 2j6b. Simulations were performed
at temperatures slightly above Tf . Only the struture in the top right orresponds to the
orretly folded protein with the orret slipknot and all native ontats.
24
Figure 6: The folding route for 1p6x (desribed as the fourth one in the text) whih involves
a rotation of the loop 4. The three gures from the top, respetively: average number of
ontats in indiated sets of seondary struture around N terminal, C terminal and loop 4
during the folding of 1p6x. Bottom panel: steps whih leads to a formation of a knot and
slipknot struture by the rotation of the loop 4. The steps are onneted to the top panels
in the following way. In the rst panel at time 2000 τ the knot is already partially formed,
but not yet a slipknot, thus the loop 4 is still above the sheet 1-3-5. Then the baktraking
follows, whih involves β strands 3-5, helix 2 and strand 3, and a few others, as seen in
the seond panel. During the rotation of this loop values of RMSD and RG steadily grow.
The ontats inside loop 4 break temporarily to provide suient spae to aommodate N
and C terminal, whih are subsequently threaded through this loop, and whih eventually
leads to a slipknot onformation. The olors of various elements of the struture in the
bottom panel math orresponding ontat numbers in the top panel. This folding proess
is shown in the attahed movie, whose details are desribed in Appendix.
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Figure 7: Left: 1j85. Middle: 1o6d. Right: 1vho. For eah protein a region where the
knot is loalized is denoted by a dashed retangle.
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Figure 8: Bottom: artoon strutures of proteins 2j6b (left) and 1p6x(right) . Top: the
orresponding shemati strutures of a slipknot in these proteins, as well as the knotted
onformation 31 obtained after utting, respetively, 20 amino aids from the N terminal
(for 2j6b), or a few amino aids from C terminal (for 1p6x). The lowest gures stereoview
of proteins 2j6b and 1p6x.
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III III
Figure 9: Reidemeister moves I, II and III.
Figure 10: Distribution of native ontats in protein 1o6d at the moment when slipknot
onguration appears for the rst time during folding. This moment orresponds to the
fourth step in Fig. 2 in the main text. The results are similar both for the model with the
optimal native like energy sale, and the basi model with uniform energy. The symbol I
orresponds to folding from the terminal C, while II to folding from terminal N.
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rout I
Figure 11: The folding routes for the 1p6x protein as desribed by the rst time of forming
a ontat orresponding to the sequene of length |j− i|, respetively for the rst, seond,
third and fourth route.
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